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Abstract 

Attention-Deficit/Hyperactivity  Disorder  (ADHD)  and  conduct  disorder  (CD)  exemplify  top-down  dysregulation  conditions 
that  show  a  large  comorbidity  and  shared  genetics.  At  the  same  time,  they  entail  two  different  types  of  symptomology 
involving  mainly  non-emotional  or  emotional  dysregulation.  Few  studies  have  tried  to  separate  the  specific  biology 
underlying  these  two  dimensions.  It  has  also  been  suggested  that  both  types  of  conditions  consist  of  extreme  cases  in  the 
general  population  where  the  symptoms  are  widely  distributed.  Here  we  test  whether  brain  structure  is  specifically  associated 
to  ADHD  or  CD  symptoms  in  a  general  population  of  adolescents  (n  -  1093)  being  part  of  the  IMAGEN  project.  Both 
ADHD  symptoms  and  CD  symptoms  were  related  to  similar  and  overlapping  MRI  findings  of  a  smaller  structure  in 
prefrontal  and  anterior  cingulate  cortex.  However,  our  regions  of  interest  (ROI)  approach  indicated  that  gray  matter  volume 
(GMV)  and  surface  area  (SA)  in  dorsolateral/dorsomedial  prefrontal  cortex  and  caudal  anterior  cingulate  cortex  were 
negatively  associated  to  ADHD  symptoms  when  controlling  for  CD  symptoms  while  rostral  anterior  cingulate  cortex  GMV 
was  negatively  associated  to  CD  symptoms  when  controlling  for  ADHD  symptoms.  The  structural  findings  were  mirrored  in 
performance  of  neuropsychological  tests  dependent  on  prefrontal  and  anterior  cingulate  regions,  showing  that  while 
performance  on  the  Stop  Signal  test  was  specifically  related  to  the  ADHD  trait,  delayed  discounting  and  working  memory 
were  related  to  both  ADHD  and  CD  traits.  These  results  point  towards  a  partially  domain  specific  and  dimensional  capacity 
in  different  top-down  regulatory  systems  associated  with  ADHD  and  CD  symptoms. 


Introduction 

Top-down  dysregulation  of  information  processing  is  a  core 
mechanism  underlying  many  psychiatric  disorders.  For 
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example,  in  Attention-Deficit/Hyperactivity  Disorder 
(ADHD)-defined  mainly  by  non-emotional  symptoms 
including  impulsivity,  hyperactivity,  and  inattention-a  core 
theory  has  evolved  around  deficits  in  executive  functions 
(EF)  [1,  2].  EF  consists  of  a  set  of  cognitive  control  pro¬ 
cesses  associated  with  top-down  regulatory  systems  in  the 
brain  [1,  2].  In  line  with  this  hypothesis,  reported  ADHD- 
symptoms  have  been  associated  with  poor  results  in  EF  tests 
although  the  relation  has  been  surprisingly  weak  and 
unspecific  [3]. 

In  addition  to  ADHD,  there  are  also  a  set  of  psychiatric 
disorders  which  are  characterized  by  top-down  dysregula¬ 
tion  in  emotional  processing.  These  include  Borderline 
Personality  Disorder  (BPD)  and  Antisocial  Personality 
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Disorder  (ASPD)  in  adults,  and  Conduct  Disorder  (CD)  in 
children  and  adolescents  [2,  4-7].  They  all  comprise  emo¬ 
tional  instability  symptoms  (partially  overlapping  with  the 
concept  of  emotional  lability)  such  as  rapidly  shifting 
emotional  states  and  affective  behavior.  Also,  altered 
emotional  processing  and  regulation  have  been  noted  in 
these  states  [2].  Collectively,  these  disorders  may  thus  serve 
as  valuable  models  for  studying  emotional  dysregulation. 
ADHD  and  emotional  instability  disorders  show  substantial 
symptom  overlap  and  are  highly  comorbid  [8-11].  A  shared 
genetic  contribution  [12]  has  also  been  suggested.  The 
overlapping  relation  between  ADHD  and  emotional 
instability  disorders  has  made  it  problematic  to  isolate 
behaviors  and  mechanisms  specific  to  each  condition. 

A  model  encompassing  both  ADHD  and  emotional 
instability  disorders  has  recently  been  proposed  [2],  The 
model  builds  conceptually  on  the  research  domain  criteria 
(RDoC)  approach  [2,  13]  and  suggests  that  both  forms  of 
disorders  include  similar  top-down  dysregulation — with  the 
difference  being  whether  non-emotional  or  emotional  reg¬ 
ulatory  processes  are  predominantly  affected.  An  important 
aspect  of  the  model  is  that  both  non-emotional  and  emo¬ 
tional  regulatory  capacities  are  likely  to  be  dimensional 
and  vary  among  individuals  even  on  a  subclinical  level 
within  a  healthy  population  [14-16],  In  addition,  some 
forms  of  ADHD  may  show  a  strong  degree  of  subclinical 
emotional  dysregulation  in  the  absence  of  other  comorbid¬ 
ities  [2,  17-19], 

In  children  and  adolescents,  a  clinical  relation  between 
ADHD  and  CD  has  been  noted  [6],  Although  CD  involves 
antisocial  behaviors,  which  are  not  observed  in  pure 
ADHD,  both  disorders  share  common  symptomatology 
including  problems  with  sustained  attention,  cognitive 
switching,  and  inhibition  [6],  The  fact  that  these  two  dis¬ 
orders  are  highly  comorbid  [11]  has  often  not  been  con¬ 
sidered  and  might  have  confounded  the  findings  of  previous 
studies.  Thus,  it  is  still  not  entirely  clear  which  of  the  fea¬ 
tures  are  specific  to  each  disorder.  Some  studies  have 
compared  patients  with  pure  ADHD  and  CD  (without  co¬ 
morbidities),  proposing  the  presence  of  a  few  disorder- 
specific  behaviors  and  brain  functional  characteristics  [6]. 
However,  it  has  been  suggested  that  the  degree  of  ADHD 
symptoms  is  related  to  the  degree  of  CD  symptoms  even  on 
a  sub-clinical  level  [2].  It  is  thus  possible  that  studies  on 
ADHD  still  may  be  confounded  by  CD  features  and  vice 
versa.  It  is  therefore  of  importance  to  consider  both  symp¬ 
tom  dimensions  simultaneously  even  on  a  sub-clinical  level 
in  relation  to  behavioral  and  neurobiological  features.  An 
effective  approach  to  better  understand  the  specihc  beha¬ 
vioral  and  neurobiological  features  in  these  two  dimensions 
is  to  study  the  different  traits  in  community  populations. 

Impaired  performance  on  several  EF  tests  in  ADHD 
[20-22]  are  associated  with  deficits  in  top-down  regulatory 


systems  of  non-emotional  processes  [2,  17,  18,  23],  Espe¬ 
cially  EF  tests  that  measure  inhibition,  switching,  set- 
shifting,  updating,  and  sustained  attention  (including  Stop 
Signal  test,  Stroop  test,  Wisconsin  Card  Sorting  Test  and 
Continuous  Performance  Test)  have  been  shown  to  be 
altered  in  ADHD  [3].  Further,  working  memory  (WM), 
which  partially  consists  of  several  EF  components,  has 
shown  to  be  significantly  affected  in  ADHD  [3].  Functional 
imaging  studies  have  consistently  revealed  networks 
underlying  non-emotional  or  “cool”  EF  processes  involving 
dorsolateral  and  dorsomedial  prefrontal  cortex  (dl/dmPFC), 
ventrolateral  PFC  (vlPFC),  and  caudal  anterior  cingulate 
cortex  (cACC),  which  work  in  conjunction  with  parietal  and 
subcortical  regions  such  as  the  striatum  [24,  25].  These 
networks  interact  with  the  dopamine  system  and  other 
specihc  neuromodulatory  systems  [2].  The  aforementioned 
brain  regions  (including  dl/dmPFC,  vlPFC,  and  cACC)  are 
known  to  be  less  activated  during  EF  tasks  in  ADHD 
patients  vs.  controls  [26-29].  On  a  brain  structure  level  it 
has  been  shown  that  the  “ADHD-brain”  matures  sig¬ 
nificantly  slower  than  for  healthy  individuals-especially  in 
the  prefrontal  and  anterior  cingulate  areas-with  an  delay  of 
approximately  three  years  (when  medians  for  the  two 
groups  were  comapred)  [30].  Although  some  of  these 
structural  differences  seem  to  disappear  in  adulthood  [31], 
some  studies  indicate  smaller  dl/dmPFC  and  cACC  volume 
also  in  adults  with  ADHD  [32],  Recent  meta-analyses 
[29,  33,  34]  have  also  shown  decreased  gray  matter  volume 
(GMV)  in  insula,  ventromedial  prefrontal/medial  orbito- 
frontal  cortex,  rostral  anterior  cingulate  cortex  (rACC),  and 
occipital  lobe  and  deep  structures  such  as  amygdala,  basal 
ganglia  (including  nucleus  accumbens),  and  hippocampus 
in  individuals  with  ADHD.  A  major  drawback  in  most 
previous  brain  imaging  studies  on  ADHD  (including  the 
above  mentioned  meta-analyses)  is  that  they  have  often  not 
controlled  for  other  sub-clinical  symptoms  such  as  traits  of 
CD. 

In  analogy  with  ADHD,  it  has  been  suggested  that 
emotional  instability  disorders  show  a  lack  of  regulatory 
capacity  for  emotional  processes  including  emotional 
aspects  of  EF,  i.e.,  “hot”  EF  [2,  4-7].  Although  there  is  a 
large  overlap  between  emotional  and  non-emotional  reg¬ 
ulatory  processes,  there  seems  to  be  some  specificity,  and  it 
has  been  suggested  that  lateral  orbitofrontal  cortex  (10FC) 
and  rACC  are  more  involved  in  the  emotional  sub¬ 
components  of  top-down  regulation  [2].  In  line  with  this, 
it  has  been  observed  that  these  brain  regions  are  less  acti¬ 
vated  in  emotional  regulation  and  “hot”  EF  tasks  in  emo¬ 
tional  instability  disorders  as  compared  to  controls  [35-41], 
Moreover,  several  well-powered  studies  have  indicated  a 
smaller  volume  in  lOFC  and  rACC  in  patients  with  these 
disorders  [42-44].  Specifically  for  CD,  recent  large  single¬ 
site  studies  and  meta-analyses  suggest  a  smaller  GMV  in  a 
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number  of  prefrontal  structures  including  lOFC,  ven¬ 
trolateral  PFC  (vlPFC),  medial  prefrontal  extending  into 
rACC  but  also  other  structures  involved  in  emotional  pro¬ 
cessing  such  as  insula  and  amygdala  [45,  46].  However, 
these  studies  have  rarely  controlled  for  non-emotional 
dysregulation  or  ADHD  symptoms. 

In  the  present  study,  we  analyzed  data  from  a  large 
sample  of  adolescents  (N  =  1093)  from  the  IMAGEN  pro¬ 
ject  [47],  While  the  general  relationship  between  brain 
structure  and  ADHD  traits  has  been  presented  in  a  recent 
VBM  analysis  [48],  here  we  aim  to  specifically  disentangle 
effects  of  ADHD  and  CD  traits  on  both  brain  structure  and 
behavioral  domains.  We  hypothesized  that  both  ADHD  and 
CD  traits  are  inversely  related  to  common  overlapping  brain 
areas  including  PFC  and  ACC  and  in  addition  will  show 
specific  structural  signatures  unique  to  the  traits.  We 
expected:  (1)  that  ADHD  trait  will  be  negatively  related  to 
cortical  volume  in  regions  involved  in  non-emotional  top- 
down  regulation  and  cool  EF  (e.g.,  dl/dmPFC  and  cACC) 
even  when  controlling  for  CD  trait.  (2)  Negative  correla¬ 
tions  between  CD  trait  and  cortical  volume  in  regions 
involved  in  emotional  regulation  (e.g.,  lOFC  and  rACC) 
even  after  correcting  for  ADHD  trait.  We  primarily  used  a 
region  of  interest  (ROI)  approach  in  order  to  increase  sen¬ 
sitivity  (including  ROIs  of  dl/dmPFC,  cACC  lOFC, 
and  rACC).  Other  prefrontal  areas,  such  as  vlPFC, 
have  a  less  clear  specificity,  as  they  seem  to  be  equally 
involved  in  emotional  and  non-emotional  regulatory  pro¬ 
cesses  [24,  25,  49,  50].  The  hypothesis  and  analysis  plan 
were  preregistered  within  IMAGEN  before  access  to  the 
data  was  granted.  Although  our  hypothesis  is  based  on 
cortical  volume  measures,  surface-based  methods  provided 
by  FreeSurfer  allowed  the  exploration  of  cortical  thickness 
and  surface  area  measures.  We  also  tested  whether  a  similar 
division  between  the  traits  was  mirrored  in  behavioral  tests 
of  EF  and  delay  discounting. 

Materials  and  methods 
Partid  pants 

Data  was  obtained  from  a  community  sample  consisting  of 
1969  adolescents  from  the  European  multi-center  genetic- 
neuroimaging  IMAGEN  study  (https://imagen-europe.com) 
[47].  Ethical  approval  had  been  obtained  by  the  local  ethics 
committees  and  written  informed  consent  from  all  partici¬ 
pants  and  their  legal  guardians.  Recruitment  procedures 
have  been  described  in  a  previous  review  [47].  Participants 
completed  neuropsychological,  clinical,  and  personality 
assessments  online  and  at  assessments  sites.  A  total  of 
N=  1093  participants  (mean  age:  14.47  ±0.39  years;  616 
females)  provided  sufficient  MRI  data  quality  and  were 


analyzed  in  this  study  (Supplementary  Fig.  1).  Sample 
characteristics  are  described  in  Supplementary  Table  1. 

ADHD  and  CD  traits 

ADHD  and  CD  symptoms  were  measured  using  the 
Strength  and  Difficulties  Questionnaire  (SDQ)  [51].  Its 
psychometric  properties  and  reliability  have  been  described 
by  Goodman  et  al.  [51].  SDQ  consists  of  five  subscales; 
Emotional  problems  scale.  Conduct  problems  scale, 
Hyperactivity/Inattention  scale,  Peer  problems  scale,  and 
Prosocial  scale.  While  the  Conduct  problems  scale  has  been 
constructed  to  measure  CD  symptoms  and  mirrors  the 
categorical  diagnosis  of  CD,  the  Hyperactivity/Inattention 
scale  has  been  constructed  to  mirror  hyperactivity,  impul- 
sivity,  and  inattention  problems,  i.e.,  core  symptoms  of 
ADHD. 

We  used  the  Conduct  problems  scale  (five  questions), 
referred  to  as  CD  scale  in  this  study,  to  assess  CD-like 
symptoms,  and  the  Hyperactivity/Inattention  scale  (five 
questions),  referred  to  as  ADHD  scale  in  this  study,  to 
assess  ADHD  symptoms.  In  follow-up  analyses,  the  ADHD 
scale  was  divided  into  Hyperactivity/Impulsivity  subscale 
(three  questions)  and  Inattention  subscale  (two  questions), 
as  it  has  been  in  previous  studies  [52].  The  CD  scale — and 
not  the  Emotion  problems  scale — was  used  because  we 
focused  on  the  relation  between  ADHD  and  CD  on  a  trait 
level  mirroring  previous  comparisons  between  the  two 
phenotypes  on  a  categorical  diagnostic  level  [6],  Also,  we 
argue  that  the  CD  scale  better  represents  problems  of 
emotional  instability,  rather  than  a  more  sustained  low  level 
of  mood  as  in  the  Emotion  problems  scale — which  is  better 
used  to  assess  highly  heterogeneous  problems  of  depression 
and  anxiety. 

Each  question  of  the  SDQ  yields  scores  from  zero  to  two 
points.  We  combined  self-rate  and  parent  score  (for  the 
relation  between  the  scores  see  Supplementary  Fig.  2),  since 
externalizing  problems  is  assumed  to  be  better  assessed  by 
parents,  while  internalizing  problems  may  be  better  assessed 
by  the  adolescent  him/herself. 

Magnetic  resonance  imaging 

Full  details  of  the  magnetic  resonance  imaging  acquisition 
protocols  and  quality  control  have  been  described  elsewhere 
[47,  53].  In  addition  to  gray  matter  volume  (GMV),  we 
measured  cortical  thickness  (CT)  and  surface  area  (SA) 
as  they  independently  build  up  the  GMV  measure  and 
follow  separate  and  independent  developmental  trajectories 
[54,  55].  The  structural  measures  were  obtained  from  T1 
weighted  images  using  the  semi-automated  segmentation 
and  cortical  surface  reconstruction  methods  provided  by 
FreeSurfer  v5.  [47,  53,  56-61].  In  brief,  the  procedure 
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includes  intensity  normalization,  removal  of  non-brain  tis¬ 
sue,  segmentation  of  cortical  gray,  subcortical  white,  deep 
gray  matter  volumetric  structures,  as  well  as  triangular 
tessellation  of  the  gray/white  matter  interface  and  white 
matter/cerebrospinal  fluid  boundary  (pial  surface).  Free- 
Surfer  also  allows  the  automated  parcellation  of  the  cortical 
surfaces  into  anatomical  regions  of  interest  (ROI),  34  per 
hemisphere  [62].  For  each  ROI  cortical  measures  were 
obtained  from  subjects’  native  space.  Based  on  our 
hypothesis,  we  focussed  on  four  different  regions  in  the 
main  analysis:  lateral  orbitofrontal  cortex  (10FC),  rostral 
and  caudal  anterior  cingulate  cortex  (rACC  and  cACC),  as 
well  as  dorsolateral/dorsomedial  prefrontal  cortex  (dl / 
dmPFC).  The  dl/dmPFC  was  constructed  by  combining 
average  cortical  volumes  extracted  from  superior  frontal, 
caudal  middle  frontal  and  rostral  middle  frontal  cortex,  as 
done  in  previous  studies  [63].  All  the  ROIs  were  bilateral  as 
we  had  no  unilateral  hypothesis. 

The  statistical  approach  and  discussion  on  dmPFC  and 
vlPFC  in  relation  to  choice  of  ROIs  is  described  in  Sup¬ 
plementary  Fig.  3.  In  brief,  we  controlled  for  sex  and 
imaging  center  in  all  structural  analyses.  We  used  ADHD 
and  CD  scores  separately  to  determine  all  variance  in 
structure  that  could  account  for  each  trait  alone.  We  also 
used  both  scores  as  independent  variables  in  the  same  sta¬ 
tistical  model  to  determine  variance  in  structure  that  could 
be  uniquely  explained  by  each  of  the  ADHD  and  CD  scores 
alone. 

We  did  not  correct  for  head  size,  since  we  were  interested 
in  a  dysfunction  of  a  variety  of  behaviors  that  depend  on 
large  scale  prefrontal  networks  (as  opposed  to  one  specific 
function).  In  addition,  wide  spread  cortical  alterations 
associated  with  ADHD  in  children  have  been  shown  [30].  A 
correction  of  head  size  would  therefore  partly  correct  for  the 
measure  of  interest.  Furthermore,  in  studies  focusing  on 
neurodevelopmental  disorders,  such  as  ADHD,  a  correction 
for  IQ  is  not  recommended,  since  it  may  also  correct  for 
characteristics  of  the  disorder  [64].  This  reasoning  is  also 
relevant  for  subclinical  ADHD  traits.  We  have  therefore  not 
corrected  for  IQ  in  the  main  analyses.  However,  for  com¬ 
pleteness  we  provide  the  results  obtained  when  correcting 
for  intra-cranial  volume  (ICV)  and  IQ  in  the  Supplementary 
Information. 

A  vertex-wise  approach  was  used  to  explore  more  focal 
associations  between  the  behavioral  data  and  cortical 
volume  that  might  not  be  detectable  with  the  ROI  approach 
within  the  predefined  ROIs.  In  addition,  we  performed  an 
explorative  vertex-wise  analysis  over  the  whole  brain. 

Behavioral  tasks 

We  analyzed  tests  that  were  associated  with  either  “cool” 
EF,  i.e.,  the  Stop  Signal  Test  [65,  66]  and  Spatial  Working 


Memory  (SWM)  task  [67-69],  or  with  “hot”  EF,  i.e.,  Delay 
Discounting  (DD)  [70].  The  statistical  approach  is  described 
in  Supplementary  Fig.  3. 

Results 

Descriptive  data  of  ADHD  and  CD  scores 

Residual  error  revealed  normal  distributions  in  all  analyses 
performed.  Both  the  ADHD  (mean  6.90  ±3.75)  and  CD 
(mean  3.70  ±2.60)  trait  scores  displayed  a  wide,  but  left- 
skewed  distribution  (Fig.  la,  b).  A  correlational  analysis 
disclosed  a  moderate  correlation  (r  =  0.55,  p<  0.001) 
between  the  ADHD  and  the  CD  scores  (Fig.  lc). 

MR  data  (ROI-analysis) 

Individual  effects  of  ADHD  and  CD  on  brain  structure 

Both  ADHD  scores  and  CD  scores  correlated  negatively 
with  gray  matter  volumes  (GMVs)  and  surface  area  (SA)  in 
all  ROIs  (cACC,  dl/dmPFC,  lOFC,  and  rACC),  while  cor¬ 
tical  thickness  (CT)  did  not  show  any  correlation  with  these 
traits  (Table  1;  Supplementary  Fig.  4). 

Specific  effects  of  ADHD  and  CD  on  brain  structure 

GMV  in  dl/dmPFC  and  cACC  correlated  negatively  with 
the  ADHD  scores  after  controlling  for  CD  scores,  however 
this  effect  did  not  reach  significance  after  correction  for  the 
number  of  tests  (Table  2a).  SA  in  dl/dmPFC  and  cACC 
correlated  negatively  with  the  ADHD  scores  after  control¬ 
ling  for  CD  scores  (Table  2b).  There  was  no  significant 
relation  between  ADHD  scores  and  CT  in  any  of  the  ROIs 
(Table  2c). 

There  was  a  significant  negative  correlation  between 
GMV  in  rACC  and  CD  scores  when  controlling  for  ADHD 
scores  (Table  3a).  No  significant  effect  of  CD  scores  was 
observed  in  lOFC  GMV  when  controlling  for  ADHD 
scores.  There  was  a  negative  correlation  between  the  SA 
and  CD  scores  in  rACC  after  controlling  for  ADHD  scores 
on  a  threshold-significant  level  (Table  3b).  No  significant 
effect  was  observed  between  the  CD  scores  and  SA  in 
lOFC  after  controlling  for  ADHD  scores.  There  was  no 
significant  relation  between  CT  of  the  predefined  ROIs  and 
CD  scores  (Table  3c).  A  3D-representation  of  the  rela¬ 
tionships  between  the  two  behavioral  dimensions  (ADHD 
and  CD  trait)  and  GMV  in  the  ACC  ROIs  is  shown  in 
Fig.  2. 

We  had  no  hypotheses  that  there  would  be  any  specific 
negative  correlations  between  lOFC  /  rACC  and  ADHD 
scores,  or  between  cACC/dl/dmPFC  and  CD  scores. 
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Fig.  1  Description  of  SDQ  distribution  in  our  sample  of  the  CD  (Conduct)  and  ADHD  (Hyperactivity/Inattention)  scores  (a  and  b)  and  the 
correlation  (r  =  0.549.  p<  0.001)  between  the  two  main  subscales  (c) 


However,  the  results  of  those  analyses  are  shown  in  Sup¬ 
plementary  Tables  2  and  3  for  completeness. 

Exploratory  analysis 

A  vertex-wise  analysis  within  the  ROIs  under  investigation 
(Fig.  3)  also  suggests  more  focal/localized  effects.  More¬ 
over,  it  confirmed  the  extensive  overlap  between  the  effect 
of  ADHD  and  the  effect  of  CD  on  brain  structure  suggested 
in  the  ROl-analysis  (Fig.  3). 

In  the  whole  brain  analysis  (vertex-wise  approach, 
cluster-wise  corrected)  we  observed  similar  significant 
and  largely  overlapping  negative  relations  between  (a) 
the  ADHD  trait  and  GMV,  and  (b)  CD  trait  and  GMV  in 
ACC  and  prefrontal  cortex  (Fig.  4).  We  also  observed 
that  the  ADHD  trait  was  significantly  related  to  smaller 
GMV  in  several  regions  such  as  temporopolar  and 
orbitofrontal  cortex  after  controlling  for  CD  trait,  while 
the  CD  trait  was  more  related  to  smaller  GMV  in  left 
temporoparietal  junction  after  controlling  for  ADHD  trait 
(Fig.  4). 

In  order  to  understand  whether  hyperactivity  or  inatten¬ 
tion  problems  better  explained  the  relation  between  ADHD 
traits  and  brain  structure  we  divided  the  ADHD  scale  into 


Hyperactivity /Impulsivity  scores  and  Inattention  scores. 
This  analysis  showed  that  both  Hyperactivity/Impulsivity 
scores  and  Inattention  scores  contributed  to  the  structural 
effects  in  cACC  and  dl/dmPFC  (Supplementary  Table  4). 
However,  this  contribution  was  larger  for  the  Hyperactivity/ 
Impulsivity  scores. 

Similar  structural  findings  as  in  the  main  analysis,  albeit 
to  a  lower  significance  level,  were  observed  for  ADHD 
scores  and  for  CD  scores  when  controlling  for  ICV  and  IQ 
(Supplementary  Tables  5  and  6). 

When  studying  only  a  sub-population  of  the  subjects 
with  a  low  indication  of  a  psychiatric  diagnosis  ( n  =  860) 
similar  general  result  were  observed  for  the  ADHD  trait 
(Supplementary  Table  7).  The  effects  of  the  CD  trait  were 
weaker  in  this  analysis  with  a  border  significant  negative 
correlation  in  the  main  analysis  between  CD  trait  and  GMV 
in  rACC. 

Our  exploratory  results  also  suggest  that  although  both 
higher  ADHD  and  CD  scores  are  related  to  a  smaller  GMV 
in  dmPFC,  this  effect  still  remains  for  the  ADHD  trait  when 
controlling  for  the  CD  trait  (Supplementary  Table  8;  Fig.  3). 
Moreover,  neither  the  ADHD  trait  nor  the  CD  trait  was 
significantly  related  to  vlPFC  morphology  (Supplementary 
Table  8). 
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Table  1  Main  effects  of  ADHD 
and  CD  scores  on  gray  matter 
volume  (GMV;  a),  surface  area 
(SA;  b)  and  cortical  thickness 
(CT;  c)  of  the  pre-defined  ROIs 
when  not  controlling  for  the 
other  trait  dimension 


Table  2  Testing  specific 
hypothesis  1 


ADHD  score 

CD  score 

ROI  GMV  (a) 

cACC 

-0.104,  p  <  0.001“,  R2  =  0.088 

-0.099,  p  <  0.001“,  R2  =  0.087 

dl/dmPFC 

-0.086,  p  <  0.001“,  R2  =  0.326 

-0.075,  p  =  0.003“,  R2  =  0.325 

10FC 

-0.108,  p  >  0.001“,  R2  =  0.295 

-0.073,  p  =  0.005“,  R2  =  0.289 

rACC 

-0.095,  p  =  0.001“,  R2  =  0. 1 17 

—0.104,  p<  0.001“,  R2  =  0.1 19 

ROI  SA  (b) 

cACC 

— 0. 116,  p<  0.001“,  R2  =  0.113 

-0.100,  p<  0.001“,  R2  =  0.110 

dl/dmPFC 

-0.097,  p<  0.001“,  R2  =  0.338 

-0.078,  p  =  0.002“,  R2  =  0.335 

10FC 

-0.111,  p<  0.001“,  R2  =  0.227 

-0.067,  p  =  0.013“,  R2  =  0.220 

rACC 

-0.102,  p<  0.001“,  R2  =  0.147 

-0.099,  p<  0.001“,  R2  =  0.147 

ROI  CT  (c) 

cACC 

0.009,  p  =  0.748,  R2  =  0.158 

0.018,  p  =  0.528,  R2  =  0.158 

dl/dmPFC 

-0.017,  p  =  0.554,  R2  =  0.088 

-0.013,  p  =  0.668,  R2  =  0.088 

10FC 

-0.028,  p  =  0.291,  R2  =  0.245 

-0.019,  p  =  0.485,  R2  =  0.244 

rACC 

0.016,  p  =  0.588,  R2  =  0.129 

0.005,  p  =  0.857,  R2  =  0.129 

Values  are  standardized  p-weights.  N=  1093 

GMV:  Average  intra-correlation  coefficient  =  0.516,  adjusted  p-level  =  0.026.  SA:  Average  intra-correlation 
coefficient  =  0.633,  adjusted  p-level  =  0.030.  CT:  Average  intra-correlation  coefficient  =  0.275,  adjusted 
p-level  =  0.019 

“indicates  significance  after  correction  for  multiple  comparisons, 
coefficient  between  all  four  ROIs 

based  on  the  average  intra-correlation 

ADHD  score 

ADHD  score  controlling  for  CD  score 

ROI  GMV  (a) 

cACC 

-0.104,  p<  0.001“,  R2  =  0.088 

-0.071,  p  =  0.047b,  R2  =  0.090 

dl/dmPFC 

-0.086,  p  <  0.001“,  R2  =  0.326 

-0.064,  p  =  0.037b,  R2  =  0.327 

ROI  SA  (b) 

cACC 

-0.116,  p<  0.001“,  R2  =  0.113 

-0.087,  p  =  0.013“,  R2  =  0.1 15 

dl/dmPFC 

-0.097,  p  <  0.001“,  R2  =  0.338 

-0.077,  p  =  0.01 1“,  R2  =  0.339 

ROI  CT  (c) 

cACC 

0.009,  p  =  0.748,  R2  =  0.158 

-0.001,  p  =  0.972,  R2  =  0.158 

dl/dmPFC 

-0.017,  p  =  0.554,  R2  =  0.088 

-0.015,  p  =  0.671,  R2  =  0.088 

(a)  ROI  gray  matter  volume  (GMV)  regressed  on  ADHD  scores  with  and  without  controlling  for  CD  scores. 

(b)  ROI  surface  area  (SA)  regressed  on  ADHD  scores  with  and  without  controlling  for  CD  scores,  (c)  ROI 
cortical  thickness  (CT)  regressed  on  ADHD  scores  with  and  without  controlling  for  CD  scores.  There  were 
no  significant  effects  for  the  cortical  thickness  (CT)  analysis.  Values  are  given  in  standardized  p-weights 

GMV:  Average  intra-correlation  coefficient  =  0.424,  adjusted p-level  =  0.034.  SA:  Average  intra-correlation 
coefficient  =  0.594,  adjusted  p-level  =  0.038.  CT:  Average  intra-correlation  coefficient  =  0.1 15,  adjusted  p- 
level  =  0.027 

“indicates  significance  after  correction  for  multiple  comparisons,  based  on  the  average  intra-correlation 
coefficient  between  cACC  and  dl/dmPFC 

bindicates  significance  p  <  0.05,  not  corrected  for  multiple  comparisons 


Behavioral  results 

Stop  Signal  Test-SDQ 

ADHD  score  correlated  with  SSRT  (standardized  fi  = 
0.099,  p  =  0.021),  while  CD  score  did  not  (standardized 


f’>  =  0.014,  p  =  0.740).  When  controlling  for  CD  score,  the 
ADHD  score  uniquely  explained  a  significant  amount  of  the 
SSRT  variance  (standardized  /?  =  0.131,  p  =  0.01 1 ). 
Exploratory  analysis  suggested  that  this  correlation  was 
driven  by  the  Inattention  subscore,  which  uniquely 
explained  a  significant  part  of  the  variance  when  controlling 
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Table  3  Testing  specific  CD  score  CD  score  controlling  for  ADHD  score 

hypothesis  2  _ _ _ 


ROI  GMV  (a) 

lOFC 

-0.073,  p  =  0.005a,  R2  =  0.289 

-0.020,  p  =  0.523,  R2  =  0.295 

rACC 

-0.104,  pcO.OOl3,  R2  =  0.1 19 

-0.076,  p  =  0.029a,  R2  =  0.121 

ROI  SA  (b) 

lOFC 

-0.067,  p  =  0.0 13a,  R2  =  0.220 

-0.009,  p  =  0.782,  R2  =  0.227 

rACC 

-0.099,  p<0.001a,  R2  =  0.147 

-0.062,  p  =  0.067,  R2  =  0. 1 50 

ROI  CT  (c) 

lOFC 

-0.019,  p  =  0.485,  R2  =  0.244 

-0.004,  p  =  0.893,  R2  =  0.245 

rACC 

0.005,  p  =  0.857,  R2  =  0.129 

-0.005,  p  =  0.884,  R2  =  0.129 

(a)  ROI  gray  matter  volume  (GMV)  regressed  on  CD  scores  with  and  without  controlling  for  ADHD  scores, 
b)  ROI  surface  area  (SA)  regressed  on  CD  scores  with  and  without  controlling  for  ADHD  scores,  (c)  ROI 
cortical  thickness  (CT)  regressed  on  CD  scores  with  and  without  controlling  for  ADHD  scores.  Values  given 
are  standardized  p-weights 

“indicates  significance  after  correction  for  multiple  comparisons,  based  on  the  average  intra-correlation 
coefficient  between  lOFC  and  rACC.  GMV:  Average  intra-correlation  coefficient  =  0.518,  adjusted 
p-level  =  0.036.  SA:  Average  intra-correlation  coefficient  =  0.593,  adjusted  p-level  =  0.038.  CT:  Average 
intra-correlation  coefficient  =  0.249,  adjusted  p-level  =  0.030 


Fig.  2  3D-representation  of  the  relationships  between  the  two  behavioral  dimensions — ADHD  scores  (x-axis)  and  CD  scores  (v-axis) — and  the 
residuals  of  the  dependent  variable  GMV  (z-axis),  after  adjusting  for  sex  and  center  as  obtained  from  the  main  analysis.  Two  representative 
examples  for  the  rACC  volume  (bottom)  and  cACC  volume  (top)  are  shown.  Respective  views  along  the  z-axis  (onto  the  x-y  plane),  y-axis  (onto 
x-z  plane)  and  x-axis  (onto  x-z  plane)  are  shown,  displaying  the  mutual  relationships  between  two  measures.  For  illustrative  purpose,  the  3D-data 
was  fitted  with  a  two-dimensional  linear  robust  regression  using  a  polynomial  according  to  the  equation.  Volume  =  a  +  b  x  ADHD  score  +  c  x 
CD  score.  To  better  visualize  the  angle  of  the  obtained  plane,  its  height  along  the  z-axis  (volume)  has  been  color-coded  with  warm  colors  (yellow) 
indicating  larger  volumes,  and  cold  colors  (blue)  representing  lower  volumes.  In  case  of  cACC,  the  color  gradient  changes  towards  the  ADHD 
score  dimension,  whereas  in  case  of  rACC  the  gradient  direction  is  more  shifted  towards  the  CD  score  dimension.  This  reflects  the  discussed 
associations  between  cACC  and  ADHD  score  after  correcting  for  CD  score,  and  between  rACC  and  CD  scores  after  correcting  for  ADHD  scores 
as  presented  in  the  main  analysis 


for  Hyperactivity/Impulsivity  subscore  and  CD  score 
(standardized  /?  =  0.158,  p  =  0.003).  Neither  the  ADHD  nor 
CD  scores  correlated  with  GoRT  (ADHD  score:  standar¬ 
dized  /)  =  0.040,  p  =  0.343;  CD  score:  standardized 
/?  =  0.028,  p  =  0.494)).  Results  are  shown  in  Table  4a. 


Spatial  Working  Memory  task — SDQ 

Both  ADHD  and  CD  scores  correlated  with  number 
of  errors  in  the  SWM  task  (ADHD  score:  standardized 
/?=  0.167,  p<  0.001;  CD  score:  standardized  /?=  0.149, 
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Fig.  3  ROIs  as  defined  by  the  Desikan  atlas  that  are  used  for  the  main  analysis  are  shown  in  the  left  column.  The  other  columns  contain  results  of 
the  exploratory  analysis  showing  correlations  within  those  ROIs  on  a  vertex-level.  In  column  2-3  correlations  between  GMV  and  ADHD  and  CD 
scores,  respectively,  are  shown.  Their  regional  overlap  is  shown  in  column  4  (purple  areas).  Both  ADHD  and  CD  score  revealed  negative 
correlations  with  GMV  within  a  sub-region  of  the  left  and  right  dl/dmPFC.  Those  were  mainly  localized  in  a  cluster  comprising  the  rostral  middle 
frontal  and  lateral  superior  frontal  cortex,  extending  to  medial  portions  of  the  prefrontal  cortex.  Similar  focal  associations  were  observed  in 
posterior  and  anterior  sub-regions  of  the  left  and  right  lOFC.  Correlations  observed  in  the  ACC  were  spread  over  right  caudal  and  rostral  ACC 
ROIs,  whereas  a  correlation  of  more  focal  nature  was  observed  in  the  left  ACC.  When  correcting  for  CD  trait,  the  ADHD  scores  were  negatively 
correlated  with  the  GMV  in  right  rostral  middle  frontal  cortex,  right  rostral  dmPFC,  left  cACC  and  bilateral  anterior  lOFC  (column  5).  In  contrast, 
when  correcting  for  ADHD  trait,  CD  scores  were  negatively  correlated  with  the  GMV  in  right  rACC  (column  6).  Moreover,  right  cACC  and 
posterior  lOFC  also  showed  this  relation  to  a  certain  extent  (column  6).  Thus,  on  a  vertex-level  there  seemed  to  be  a  more  complex  and  unique 
relation  between  local  GMV  and  the  different  traits:  While  GMV  in  left  cACC  was  more  negatively  related  to  ADHD  scores,  GMV  in  right  cACC 
and  rACC  was  more  related  to  CD  scores.  Likewise,  while  the  negative  relation  between  ADHD  scores  in  lOFC  GMV  was  more  widespread  and 
anterior  when  controlling  for  CD,  the  negative  relation  between  CD  scores  in  lOFC  GMV  was  more  ventrolateral  (spreading  into  ventrolateral 
PFC).  Overall,  no  positive  correlations  were  observed.  Significance  is  represented  on  a  log(p- value)  scale,  where  positive  values  (warm  colors)  are 
assigned  to  positive  associations,  and  negative  values  (cold  colors)  to  negative  associations.  For  explorative  reasons  the  display  threshold  was  set  to 
1.3,  corresponding  to  p  =  .05  (uncorrected) 


p  <  0.001).  The  ADHD  score  correlated  with  the  number  of 
errors  in  the  SWM  task,  when  controlling  for  CD  (stan¬ 
dardized  /?=  0.120,  p  <  0.001 ).  This  correlation  seemed  to 
be  driven  by  the  Inattention  SDQ  subscore  (standardized 
/?=  0.152,  p  <  .00 1 )  when  controlling  for  Hyperactivity/ 
Impulsivity  and  CD  score.  The  CD  score  still  correlated 
with  the  number  of  errors  when  controlling  for  ADHD  score 
(standardized  /?=  0.083,  p  =  0.021).  Results  are  shown  in 
Table  4b. 

Delay  discounting-SDQ 

Both  ADHD  and  CD  scores  correlated  with  the  log- 
transformed  k-coefficient  from  the  Delay  discounting  (DD) 
task  (ADHD  score:  standardized  /?  =  0.139,  p<  0.001;  CD 
score:  standardized  /(  0.140,  p  <  0.00 1 ).  The  CD  score 

correlated  with  k  when  controlling  for  ADHD  score 


(standardized  /?=  0.093,  p  =  0.0 14).  ADHD  score  also 
explained  a  unique  part  of  the  variance  when  controlling  for 
CD  score  (standardized  /?  =  0.088,  p  =  0.021).  Results  are 
shown  in  Table  4c. 

Exploratory  analysis 

In  an  exploratory  analysis,  we  investigated  whether  infor¬ 
mation  from  brain  structure  could  explain  variability  on 
ADHD  and  CD  scores  beyond  that  explained  by  behavioral 
tests  alone.  The  analysis  showed  that  SSRT  and  brain 
structure  related  to  non-emotional  top-down  control  (cACC 
and  dl/dmPFC  GMV,  as  well  as  SA)  each  uniquely 
explained  a  part  of  the  variance  of  the  ADHD  score 
(Supplementary  Table  9),  while  Delay  discounting  k- 
coefficient  and  brain  structure  related  to  emotional  top- 
down  control  (rACC  GMV,  as  well  as  SA)  each  uniquely 
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Fig.  4  An  exploratory  vertex-wise  analysis  was  performed  calculating 
correlations  between  GMV  and  ADHD/CD  scores  across  the  whole 
brain.  Multiple  comparison  correction  was  done  using  a  Monte  Carlo 
cluster  wise  approach  (cluster  threshold  p  <  0.05).  Both  ADHD  and 
CD  scores  were  significantly  related  to  smaller  GMV  in  frontal  brain 
region  clusters  (dl/dmPFC,  rostral/caudal  ACC,  and  lOFC).  Additional 
clusters  revealing  significant  negative  correlations  outside  our  ROI:s 
were  also  observed:  ADHD  scores  were  negatively  correlated  to  GMV 
in  right  anterior  insula,  bilateral  inferior  frontal  cortex  (pars  orbitalis), 
bilateral  temporal  cortex,  bilateral  precentral,  and  postcentral  (motor/ 
sensory)  cortex,  right  medial  OFC,  left  medial  and  lateral  occipital 
cortex,  and  bilateral  fusiform.  When  correcting  for  CD  scores  clusters 
in  bilateral  temporal/temporopolar  regions,  left  medial  and  lateral 
occipital  cortex,  right  precentral  and  postcentral,  as  well  as  left  lOFC 
were  still  present.  CD  scores  showed  additional  negative  correlations 
in  precentral  and  postcentral  cortex,  anterior  temporal  cortex,  bilateral 
anterior  insula,  left  fusiform  cortex,  and  bilateral  temporo-parietal 
junction  (TPJ),  which,  except  for  the  cluster  in  left  TPJ,  disappeared 
when  correcting  for  ADHD  scores.  Significance  is  represented  on  a  log 
(p-value)  scale,  where  positive  values  (warm  colors)  are  assigned  to 
positive  associations,  and  negative  values  (cold  colors)  to  negative 
associations.  Right  hemisphere  is  shown  on  the  top  and  left  hemi¬ 
sphere  is  shown  on  the  bottom  in  the  figure 

explained  part  of  the  CD  score  variance  (Supplementary 
Table  10). 


Discussion 

In  the  present  study,  we  showed  that  both  ADHD  and  CD 
trait  scores  correlated  negatively  with  gray  matter  volume 
(GMV)  and  surface  area  (SA)  in  cACC,  dl/dmPFC,  rACC, 
and  lOFC  in  a  large  community  sample  of  adolescents  using 


a  ROI  approach.  As  hypothesized,  there  was  a  substantial 
overlap  between  the  effects  of  the  ADHD  and  the  CD  traits 
on  brain  morphology  (Fig.  3).  Thus,  investigating  ADHD 
symptoms  without  considering  CD  symptoms,  or  vice 
versa,  makes  it  difficult  to  distinguish  between  their  unique 
effects  on  brain  structure.  Our  analyses  indicated  that  cACC 
and  dl/dmPFC  SA  correlated  negatively  with  ADHD  score 
after  controlling  for  CD  score.  Similar  findings  were 
observed  for  GMV,  although  these  did  not  survive  correc¬ 
tion  for  multiple  comparisons.  In  contrast,  CD  score  cor¬ 
related  negatively  with  the  GMV  in  rACC  after  controlling 
for  ADHD  score  (SA  results  on  trend-level).  Our  study 
suggests  that,  apart  from  the  large  overlap  in  structural 
relations,  there  are  morphological  characteristics  that  are 
specific  to  either  ADHD  symptoms  or  CD  symptoms,  and 
that  those  relations  can  be  observed  on  trait  level  within  a 
community  sample. 

The  current  findings  are  in  line  with  the  idea  that  non- 
emotional  ADHD  symptoms  are  associated  with  a  smaller 
structure  [30-33]  and  lower  function  [26-29]  of  cACC 
and  d I/d m RFC,  areas  that  have  been  linked  to  "cool"  EF 
[24,  25],  while  emotional  instability  and  CD  symptoms  are 
associated  with  smaller  structure  [42-44,  45,  46]  and  lower 
function  [36,  37,  40,  41,  71,  72]  of  rACC  and  bordering 
areas,  that  are  linked  to  "hot"  EF  [73-77]  and  emotional 
regulation  [49,  78,  79].  While  these  findings  corroborate 
several  previous  studies  on  ADHD  and  CD  patients  they 
also  suggest  that  some  structural  differences  are  unique  to 
the  two  different  traits.  However,  we  could  not  find  any 
evidence  for  the  hypothesized  relationship  between  lOFC 
morphology  and  CD  trait  scores,  instead  we  observed  more 
localized  associations  in  the  exploratory  vertex-level  ana¬ 
lysis  (Fig.  3).  One  plausible  explanation  for  this  is  that  the 
lOFC  is  still  under  substantial  development  during  adoles¬ 
cence  [80]  and  that  this  relationship  might  be  detectable 
only  later  in  life. 

Previous  studies  of  inattention/hyperactivity  and  emo¬ 
tional  instability  have  typically  focused  on  categorically 
defined  patient  groups  in  the  respective  domains,  such  as 
ADHD  or  BPD,  ASPD,  and  CD.  However,  it  has  been 
shown  that  subclinical  symptoms  associated  with  inattention 
or  emotional  instability  also  occur  in  the  general  population 
to  a  variable  degree,  often  following  a  normal  or  semi¬ 
normal  distribution  [2,  14-16].  It  has  been  hypothesized  that 
patients  represent  extreme  cases  within  this  symptom  dis¬ 
tribution  [2].  This  variability  may  occur  due  to  different 
capacities  in  the  underlying  regulatory  systems  in  the  brain, 
i.e.,  cognitive  core  capacities  [2].  On  a  whole  this  model 
posits  that  disorders  involving  top-down  dysregulation,  such 
as  ADHD  or  BPD,  ASPD,  and  CD,  are  better  understood 
using  a  dimensional  model  rather  than  a  categorical  model 
[2],  Our  findings  that  dimensional  measures  of  ADHD- 
symptoms  and  CD-symptoms  in  a  general  population  are 
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Table  4  Behavioral  tests  and  results 

Correlation  with  SDQ 

ADHD  score 

ADHD  score  controlling  for  CD 

CD  score 

CD  score  controlling  for  ADHD 

Stop  Signal  test  (SSRT)  (a) 

P  =  0.099 

/7  =  0.131 

P  —  0.014 

na 

p  =  0.021 

p  =  0.011 

p  =  0.740 

Spatial  Working  Memory 

P  =  0.167 

P  =  0.120 

P  =  0.149 

P  =  0.083 

task  (number  of  errors)  (b) 

p<  0.001 

p<  0.001 

p<  0.001 

p  =  0.021 

Delay  discounting  (k- 

P  =  0.139 

P  =  0.088 

P  =  0.140 

P  =  0.093 

coefficient)  (c) 

p<  0.001 

p  =  0.021 

p<  0.001 

p  =  0.014 

(a)  The  Stop  Signal  Test  [66]  was  used  to  assess  impulsivity  control.  From  this  an  estimated  Stop  Signal  Reaction  Time  (SSRT)  was  obtained 
[65,  66],  A  longer  SSRT  indicates  higher  impulsivity,  and  a  difficulty  to  stop  a  response.  An  average  baseline  reaction  time,  GoRT,  was  also 
calculated  for  each  subject.  Due  to  technical  difficulties  sufficient  data  was  obtained  from  563  of  the  selected  subjects.  A  significant  correlation 
between  SSRT  and  ADHD  scores  was  observed.  This  remained  significant  when  controlling  for  CD  scores.  No  correlation  with  CD  scores  was 
found,  (b)  The  Spatial  Working  Memory  (SWM)  task  was  used  to  assess  working  memory  [67-69].  In  this  task,  a  number  of  errors  is  obtained  for 
each  participant,  where  a  higher  number  of  errors  corresponds  to  poorer  working  memory  performance.  Sufficient  data  was  obtained  from  1056  of 
the  selected  subjects.  Both  ADHD  and  CD  scores  correlated  with  the  number  of  errors,  even  after  controlling  for  the  other  dimension  (c).  Delay 
discounting  (DD)  task  was  used  to  assess  emotional  impulsiveness  [70]  related  to  emotional  dysregulation  [2],  In  DD  an  estimated  “discount 
coefficient”  k  is  obtained.  A  larger  k-coefficient  reflects  a  larger  delay  discounting,  meaning  valuing  a  small  immediate  reward  higher  than  a  larger 
delayed  reward.  The  estimated  k-coefficients  were  log  transformed  to  give  more  normally  distributed  data.  Data  was  obtained  from  1088  subjects. 
The  statistical  approach  is  described  in  Supplementary  Fig.  3.  Both  ADHD  and  CD  scores  correlated  with  the  “discount  coefficient”  k ,  even  after 
controlling  for  the  other  dimension. 


correlated  to  cognitive  function  and  some  of  the  brain 
morphology  previously  shown  to  be  altered  in  the  respective 
disorders  partially  support  this  hypothesis.  However,  it  is 
important  to  stress  that  clinical  disorders  such  as  ADHD  and 
CD  typically  show  significantly  larger  impairment  and  often 
include  co-morbidities.  This  may  be  a  reason  why  some 
structural  findings  observed  in  large  meta-analyses  were  not 
present  on  a  trait  level.  Also,  as  the  present  study  focused  on 
cortical  measures  it  is  not  known  how  the  traits  relate  to 
subcortical  structures.  It  is  noteworthy  that  dmPFC  showed  a 
relation  to  the  ADHD  trait  in  the  present  study  although  it 
has  not  been  found  to  be  altered  in  two  recent  meta-analysis 
on  ADHD  [29,  34].  However,  in  another  meta-analysis  a 
region  in  cACC  adjacent  to  and  partly  overlapping  with 
dmPFC  was  smaller  in  adult  ADHD  patients  as  compared  to 
controls  [33].  It  should  also  be  pointed  out  that  dmPFC  is 
related  to  the  term  “ADHD”  in  Neurosynth  [81]  based  on 
fMRI  data.  Apart  from  the  present  study,  two  recent  studies 
[48,  82]  have  used  a  dimensional  approach  and  observed  a 
negative  relation  between  sub-clinical  ADHD  symptoms  and 
GMV  in  medial  prefrontal  annd  anterior  cinngulate  regions. 
However,  these  studies  have  not  disentangled  non-emotional 
ADHD  traits  from  emotional  instability  or  CD  traits. 

The  structural  findings  that  are  specific  to  ADHD  or  CD 
scores  were  assumed  to  be  mirrored  in  the  behavioral 
measurements.  We  hypothesized  that  “cool”  EF  should  be 
associated  specifically  to  ADHD  traits,  while  “hot”  EF 
should  be  more  related  to  CD  traits.  In  line  with  this  sug¬ 
gestion,  we  showed  a  negative  correlation  between  ADHD 
score  and  motor  impulse  control  in  the  Stop  Signal  Test, 
which  remained  significant  when  controlling  for  CD  scores. 
Impaired  working  memory  capacity  has  also  frequently 
been  linked  to  ADHD  problems  [3].  Surprisingly,  we 


observed  that  both  the  level  of  ADHD  and  CD  problems 
uniquely  explained  part  of  the  working  memory  perfor¬ 
mance,  making  this  task  less  specific  to  either  problem 
domain.  Finally,  we  observed  that  both  ADHD  and  CD 
scores  were  uniquely  related  to  delay  discounting  tendency. 
This  was  expected,  since  performance  on  this  task  depends 
on  both  non-emotional  general  attentional  control,  as  well 
as  emotionally  related  regulation  of  reward  processes.  This 
result  is  in  line  with  previous  findings  reporting  that  some 
ADHD  subgroups  show  suboptimal  results  in  “cool”  EF 
tasks,  such  as  Stop  Signal  Test  and  Stroop  test,  whereas 
other  subgroups  show  deficits  in  “hot”  EF  tasks,  such  as 
delay  discounting  [17].  Interestingly,  our  data  suggests  that 
brain  structure  explains  unique  aspects  of  ADHD  and  CD 
traits,  beyond  what  is  explained  by  behavioral  results.  Thus, 
a  combination  of  both  measurements  may  be  the  most 
optimal  marker  for  these  traits. 

There  are  several  limitations  in  the  study.  First,  apart 
from  emotional  instability,  the  CD  trait  also  captures  a  less 
common  phenotype  that  includes  callous-unemotional  and 
psychopathic  behavior  associated  with  different  processing 
of  emotional  stimuli  [4],  Second,  although  the  structural 
findings  related  to  the  ADHD  trait  were  mostly  driven  by 
hyperactivity/impulsiveness  questions,  the  behavioral  find¬ 
ings  related  to  the  ADHD  trait  were  mostly  driven  by  the 
inattention  questions.  Thus,  future  studies  should  further 
investigate  the  inter-relationships  between  the  specific 
ADHD  sub-traits,  structural  and  cognitive  characteristics. 
Third,  ADHD  has  been  associated  with  different  types  of 
emotional  dysregulation  symptoms  [19].  Future  studies 
should  investigate  how  such  dysregulations  are  related  to 
more  specific  features  of  CD  traits.  Finally,  as  common  in 
studies  on  hyperactivity,  movement  artefacts  may  have 
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partly  contributed  to  the  structural  findings.  However,  these 
seem  to  be  mediated  by  changes  in  cortical  thickness  [83] 
where  we  did  not  observe  any  associations  with  ADHD 
traits. 
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